The endoplasmic reticulum (ER) is a large, singular, membrane-bound organelle that has an elaborate 3D structure with a diversity of structural domains. It contains regions that are flat and cisternal, ones that are highly curved and tubular, and others adapted to form contacts with nearly every other organelle and with the plasma membrane. The 3D structure of the ER is determined by both integral ER membrane proteins and by interactions with the cytoskeleton. In this review, we describe some of the factors that are known to regulate ER structure and discuss how this structural organization and the dynamic nature of the ER membrane network allow it to perform its many different functions.
The endoplasmic reticulum (ER) is a large, singular, membrane-bound organelle that has an elaborate 3D structure with a diversity of structural domains. It contains regions that are flat and cisternal, ones that are highly curved and tubular, and others adapted to form contacts with nearly every other organelle and with the plasma membrane. The 3D structure of the ER is determined by both integral ER membrane proteins and by interactions with the cytoskeleton. In this review, we describe some of the factors that are known to regulate ER structure and discuss how this structural organization and the dynamic nature of the ER membrane network allow it to perform its many different functions.
Overview of ER shape
The ER is the largest membrane-bound organelle in the eukaryotic cell. It is spread throughout the cytoplasm as one continuous membrane-enclosed network that surrounds a single lumen. Domains of the ER have many different shapes and include regions that are flat, tubular, and somewhere in between, and also structures that are adapted to contact other membrane-enclosed compartments. The ER must remain connected while maintaining a shape that will allow other cytoplasmic components to diffuse around it. Only a handful of factors have been discovered that regulate ER structure. In this review, we discuss recent advances in our understanding of how ER membrane proteins, the cytoskeleton, and factors that mediate inter-organelle contact together generate the 3D structure of this elaborate, dynamic, and functionally complex organelle.
How ER shape contributes to function
The ER performs a variety of functions in cells, including but not limited to lipid synthesis, Ca 2+ handling, and protein translocation and secretion [1] . To perform its many functions, the eukaryotic ER has perhaps the most complicated structure of any organelle. Some ER domains are obvious and can be distinguished by their shapes using fluorescence microscopy. These include the nuclear envelope (NE), and cytoplasmic cisternae and tubules that form the interconnected peripheral ER (Figure 1) .
The NE is a distinct domain of the ER comprised of two large, flat membrane bilayers, the inner and outer nuclear membranes (INM and ONM). The INM and ONM are separated by the perinuclear space (PNS), but are connected to each other at nuclear pores [2] . The peripheral ER branches out of the ONM as an extensive network of cisternae and tubules and extends into the cytoplasm all the way to the plasma membrane (PM). The lumen of the peripheral ER is also continuous with the lumen of the PNS. What discriminates ER tubules from cisternae is their very different shapes. ER tubules have high membrane curvature at their cross-section, whereas cisternae are comprised of extended regions of parallel, flat membrane bilayers that are stacked over each other with regions of membrane curvature found only at their edges. There are, however, similarities between ER tubules and cisternae; specifically, the diameter of an ER tubule is similar to the thickness of an ER cisterna (38 nm vs 36 nm, respectively, in yeast) [3, 4] .
Multiple regions of high membrane curvature in the ER are stabilized by the reticulon and DP1/Yop1 (also called REEP) family of proteins; these regions include tubules and the edges of cisternae and fenestra (Box 1) [4, 5] . The abundance of reticulon/DP1/Yop1 proteins regulates the abundance of high curvature regions within the peripheral ER [4] [5] [6] [7] [8] [9] . However, it is not currently known how the expression level or activity of individual members of this family of membrane-shaping proteins is regulated to fine-tune ER shape. In mammalian cells, there are multiple spliced isoforms of four reticulon family members; each contains a reticulon homology domain, but the members have unique domains, interactions, and expression patterns that likely allow for particular ER tubule arrangements and might confer additional functions (for review, see [10] ). Additionally, the prevalence of cisternae versus tubules can vary in such a way that suggests that ER shape can be adapted to a cell's ER functional requirements [11] . For example, secretory cells, such as those in the pancreas, must translocate and secrete a large number of proteins and these cells contain abundant cisternae that are densely studded with ribosomes. In contrast, the ER in muscle cells must rapidly regulate Ca 2+ levels during contraction and these cells are enriched in ER tubules that are devoid of ribosomes. In yeast cells, which contain both ER cisternae and tubules, cisternae have a higher ribosome density than tubules (600-1100/mm 2 vs 250-400/mm 2 , respectively) [4] . These correlations suggest that cisternae are better suited for ribosome binding and/or ribosome binding stabilizes cisternal ER structure. In animal cells, proteins associated with the translocation machinery are also enriched in cisternae [8] . Furthermore, changing ER ribosome density can alter ER shape, as treatment of animal cells with puromycin causes ribosome displacement followed by loss of ER cisternae and gain of ER tubules [12] . These data suggest that ER cisternae may be the preferred site of protein translocation.
A recent paper showed that an additional function of ER cisternae is to aid in the unfolded protein response (UPR).
This study demonstrated that in yeast, ER stress-induced UPR leads to membrane expansion of the ER into cisternae [13] . However, the cisternal shape is not what allows the stress response because conversion of sheets to tubules does not inhibit stress alleviation [13] . The authors proposed a model in which the important feature of membrane 
Box 1. How endoplasmic reticulum tubules and cisternae get their shape
The peripheral endoplasmic reticulum (ER) in most cells contains a mixture of interconnected membrane tubules and cisternae. The relative amount of tubules versus cisternae depends to a large extent on the proteins that regulate ER membrane curvature, the reticulons and DP1/Yop1. These proteins are conserved integral membrane proteins that can be found in all eukaryotes. They partition exclusively into regions of the peripheral ER that have high membrane curvature, which includes the edges of cisternae as well as tubules [5, 8, 9, 13, 63] . Initial work both in vitro and in vivo have identified these proteins as the major factors necessary for organizing the ER membrane bilayer into the shape of a tubule [5, 64] , but they also organize membrane curvature at the edges of cisternae and fenestrations [4] ( Figure Ib) . Reticulons contain a reticulon homology domain consisting of two long (30-35 amino acids) transmembrane domains, separated by a soluble linker. These transmembrane domains insert as hairpins in the cytoplasmic leaflet of the ER membrane bilayer [5] (Figure Ia) . The short length of these hairpin domains is required in animal cells for: i) partitioning into regions of membrane curvature; and ii) generating membrane curvature [65, 66] . Reticulon proteins also oligomerize into immobile higher-ordered structures in the ER membrane, a requirement for proper tubule formation [67] . Therefore, a reasonable model to explain how reticulons function is that they form hairpin structures that oligomerize in the outer leaflet of the ER membrane to increase outer leaflet area relative to inner leaflet area, thus generating membrane curvature by altering bilayer symmetry.
In contrast, relatively little is understood about ER cisternae. These domains are comprised of flat areas of ER membrane that are evenly spaced around the ER lumen and are connected at highly curved edges. Climp63 partitions into ER cisternae and its overexpression propagates the formation of cisternal ER at the expense of tubules [8] . When Climp63 is depleted, cisternae persist, but their intraluminal spacing is altered [8] . These data suggest that, although Climp63 is not required for cisternae formation, it may form intraluminal linker complexes that regulate cisternal dimensions. expansion is increased ER volume to allow for additional handling of misfolded proteins. Indeed, recent work has shown that the volume-to-surface area ratio of such cisternae in wild-type cells exceeds that of ER tubules [4] , indicating that the cisternae formed upon ER stress are the most favorable conformation to meet the need for increased ER volume. Whether ER tubules are enriched for other ER functions remains to be determined. For a long time, it was thought that because ER cisternae are the preferred site of ER protein translocation, ER tubules must perform the lipid synthesis and Ca 2+ handling functions of the ER. However, there is no evidence that either process localizes preferentially to ER tubules. ER tubules might be the preferred site for ER vesicle budding because the high curvature of ER tubules could be better suited for the formation of ER-toGolgi transport vesicles (COPII) at ER exit sites (ERES). Markers for ERES are found at ER tubules [14] , although it is not known if these markers are excluded from ER cisternae. It has also been difficult to demonstrate whether other specific ER functions preferentially localize to either cisternae or tubules. Tubules in the ER might simply provide a useful architecture to allow it to distribute throughout the cytoplasm as a continuous network without disrupting general diffusion and trafficking. In addition to cisternae and tubules, other peripheral ER subdomains that can be defined by their unique functions and locations include the ERES as well as regions that contact the PM, organelles, and the cytoskeleton. What makes these domains difficult to study is that they can be visualized only by electron microscopy (EM) or by using multiple fluorescent markers and confocal microscopy in well-resolved cells. We discuss ER domains that form contact sites with other organelles later in this review.
Maintenance of ER continuity through membrane fusion Unlike every other organelle, the ER does not appear to undergo regulated fragmentation or division. Even during cell division, the ER remains continuous [15, 16] . Components of the ER fusion machinery have recently been identified. The atlastin proteins (and their yeast homolog Sey1) belong to a large, ER membrane-integral GTPase family that stimulates homotypic ER fusion. Atlastin localizes preferentially to the tubular ER and interacts with reticulons [17] . Atlastin mutations or its depletion leads to unbranched ER tubules in mammalian cells [17] and ER fragmentation in Drosophila neurons [18] , and its overexpression leads to ER membrane expansion [17, 18] . Mutations in atlastin and interacting proteins have been linked to hereditary spastic paraplegia [19] , and such atlastin mutants are defective in ER fusion [20] , indicating that ER continuity and shape is crucial for cell function (for a review of atlastin, see [21] ).
There is no evidence from live-cell imaging that the ER undergoes fission. This begs the question of why the ER must maintain its continuity. The most logical explanation is that cross-talk occurs between ER domains that are located in distal regions of the cytoplasm. For example, it might be that ER Ca 2+ signals or stress responses cannot be handled locally, but require the global ER. Sharing a continuous lumen could help ensure that the entire ER appropriately and rapidly responds to such signals.
The ER depends on the cytoskeleton for its structure and dynamics The ER is a dynamic organelle that continuously rearranges its structure on the cytoskeleton while maintaining continuity as a singular organelle. The ER fusion machinery and the reticulon proteins play a stabilizing role in maintaining overall ER structure during these dynamics. In metazoans, organization of the cytoplasmic ER network is highly dependent on its ability to bind and move on microtubules (MTs) (for discussion of yeast and plants, see Box 2). Treatment of animal cells with drugs that depolymerize MTs causes the ER to slowly retract from the cell periphery towards the NE [22] .
ER tubules grow along MTs by two distinct mechanisms: via tip attachment complex (TAC) and ER sliding dynamics (Figure 2 ). During TAC movements, the tip of the ER tubule is bound to the tip of a dynamic MT, and the ER tubule grows and shrinks in concert with the dynamics of the plus-end of the MT (in a motor-independent fashion). TAC events occur through a complex between the integral ER membrane protein STIM1 and a protein that localizes to the tip of a dynamic MT, EB1 [23] . During ER sliding events, tubules are pulled out of the ER membrane by the motor proteins kinesin-1 and cytoplasmic dynein along MTs that are marked by acetylation [24, 25] . ER sliding is much more common than TAC and is the predominant mechanism responsible for dynamic ER rearrangements in interphase cells [25, 26] . No ER proteins have been shown to regulate ER sliding. Kinectin is one candidate, being an integral ER membrane protein that binds to kinesin-1 [27] . However, recent work suggests that kinectin localizes preferentially to ER cisternae [8] and reduced frequency of ER sliding in the absence of kinectin has not been shown.
The differences between TAC and ER sliding mechanisms suggest that they might contribute to very different ER functions. The TAC protein STIM1 also functions in store-operated Ca 2+ entry (SOCE) at the PM, and TAC might be specific for this (see below). In contrast, the function of ER sliding dynamics is not known even though Box 2. The role of actin in shaping yeast endoplasmic reticulum
The endoplasmic reticulum (ER) network in yeast cells relies on the actin cytoskeleton network as opposed to microtubules. The yeast ER network is dynamic, and both ER tubule growth and ring closure can be observed, although less frequently than in animal cells [68] . Some ER colocalization with actin filaments is observed, and actin depolymerization halts ER dynamics [68] . In much the same way, ER tubule movement in plants is also dependent on myosin and the actin cytoskeleton [69, 70] .
In yeast cells, the cytoskeleton might not play the same integral role in shaping the ER network that it does in mammalian cells. Depolymerization of actin does not dramatically affect ER structure in the mother cell, but it is required for ER inheritance into the bud [68, 71, 72] . In contrast, depletion of reticulons and DP1/Yop1 alone causes loss of ER domain organization in the mother cell but does not prevent ER domains from being inherited into the bud [4] . Together, these data suggest that actin is required in yeast to generate ER domain structure, whereas reticulons and DP1/Yop1 are required to maintain it.
the cell likely consumes a great deal of energy to constantly reorganize the structure of the ER on MTs using motor proteins. One possibility is that the ER could use different dynamic mechanisms to establish or maintain contact with other membrane-bound organelles and the PM [25] . Evidence for this idea comes from work showing that ER sliding and mitochondria colocalize over acetylated MTs (see discussion below), whereas ER and early endosomes, which are also tightly coupled, do not [25] .
The importance of maintaining ER-organelle contacts
The ER contacts almost every membrane-bound organelle in the cell, including mitochondria, endosomes, Golgi, and peroxisomes, as well as the plasma membrane [28, 29] . Here, we discuss what is known about the extent and function of these interactions in order to understand why ER dynamics are so highly coupled to other organelles.
ER-mitochondrial contact
The ER and the mitochondria interact to form contacts that have been studied both biochemically and functionally. Two functions that occur at contact sites between the ER and mitochondria are lipid synthesis and Ca 2+ signaling, the latter of which is crucial for apoptotic regulation (for review, see [30] ). The best evidence for the role of ERmitochondrial contact in mediating proper Ca 2+ handling comes from experiments in live cells that use artificial tethers to alter the distance at contact sites between the ER and mitochondria; these experiments find that Ca 2+ signaling is altered when the distance between ER and mitochondria is disrupted [31, 32] .
Improvements in live-cell fluorescence microscopy have enabled the study of ER-mitochondria interactions over time. Whereas previous work has focused on the dynamics of either the ER (discussed above) or mitochondria [33] , recent visualization of both organelles during movies shows that they maintain contact despite the movement of each organelle [25] (Figure 3) . This raises the question of how organelles rearrange their structure around each other as they move. Interestingly, these contacts colocalize on the subset of MTs that are marked by acetylation [25] . These data suggest an elaborate interplay between proteins that regulate ER-mitochondrial contact and proteins that regulate the contact of these organelles with MTs during their movement.
Recent discoveries in yeast and mammalian cells have uncovered some of the proteins involved in linking these two organelles. In yeast, ERMES is a complex of four proteins (MMM1, MDM10, MDM12, and MDM34) that tethers the ER to mitochondria [34] . Mutations in the ERMES complex lead to growth defects and defects in lipid synthesis that can be rescued by the addition of a synthetic ER-mitochondrial linker [34] . Mammalian homologs of the ERMES complex have not yet been identified. In mammalian cells, Mitofusin 2 (Mfn2) has been shown to regulate ER-mitochondrial contact and Ca 2+ handling [35] . The name of this protein is derived from its role in homotypic fusion of mitochondria [36] . Mfn2 is proposed to tether the ER to mitochondria by also localizing to the ER where it can interact with either Mfn1 or Mfn2 on the mitochondrial outer membrane [35] .
There are likely to be additional tethers that link the mitochondria to the ER because these contact domains are responsible for multiple functions. For example, there are reported interactions between ER and mitochondrial proteins that, although not believed to tether the organelles, are implicated in processes such as apoptosis and Ca 2+ signaling [37, 38] . To provide intricate regulation of each of these processes, different tethers may exist; presumably, we have only begun to uncover the complexes involved in these important linkages.
ER-Golgi contact
Traditionally, the relationship between ER and Golgi is discussed in terms of their roles in anterograde (COPII vesicle) and retrograde (COPI vesicle) transport as part of the secretory pathway [39] . However, the ER also makes close contacts with the Golgi as part of other processes. Highresolution EM shows very close contacts between the ER membrane and the trans-Golgi, which have been proposed to be involved in direct lipid transport (non-vesicular trafficking) [29, 40] . Ceramide, which is synthesized at the ER, is transferred to the Golgi membrane for its conversion to sphingomyelin, a process that is performed by the ceramide transferase CERT [41] . Additionally, phosphatidyl inositol is transferred directly from the ER to the Golgi by Nir2 [42] . It is hypothesized that, in both cases, shuttling of these lipids from the ER to the Golgi occurs at ER-Golgi contact sites where these membranes are as little as 10 nm apart. However, the factors linking these two membranes together have not been identified.
ER-endosome contact
Recent work has established a relationship between the ER and the endocytic pathway. In animal cells, a direct interaction between the ER-localized phosphatase PTP1B and the endocytic cargo EGFR at ER-endosome contact sites has been observed by immuno-EM [43] , suggesting that ER proteins might modify endocytosed cargoes. Interestingly, the movements of early endosomes are coordinated with ER dynamics and these two organelles can be tightly linked over time, suggesting that proteins linking the endosomes to the ER membrane are somehow coordinating this contact with the machinery that moves the organelles along the cytoskeleton [25] (Figure 3 ). Direct contacts have also been observed between the ER and late endosomes and yeast vacuoles [4, 44] . A recent paper showed that, in animal cells, ER contacts regulate the intracellular distribution of late endosomes [44] . The authors propose a complex regulatory pathway for late endosome positioning in which the ER protein VAP interacts with a late endosome-bound cholesterol sensor ORP1L in conditions of low cholesterol to tether the two organelles together [44] . However, there are likely to be other factors mediating ER-endosome contact and the functions of these contacts remain unclear.
ER-peroxisome and ER-lipid droplet contacts share common features One of the most unique ER-organelle interactions is that between the ER and peroxisomes. Peroxisomes have several functions, including the breakdown of long-chain fatty acids. What makes the ER-peroxisome interface particularly interesting is that in both yeast and mammalian cells, peroxisomes are derived at least in part from the ER membrane [45, 46] . Not only does peroxisomal biogenesis occur via the ER, but peroxisomes can also maintain close contact with the ER membrane over time [46] (Figure 3) , and non-vesicular transport is common between these organelles in yeast [47] . As yet, however, no factors have been identified that regulate this lipid transfer event. Lipid droplets, like peroxisomes, are also derived in part from factors synthesized on the ER membrane and mature lipid droplets also can be tethered to the ER membrane [48] .
ER-PM contact
In addition to binding almost every other membranebound organelle in the cell, the ER makes extensive contact with the PM. Recent work elucidating the 3D structure of the ER in yeast by EM and tomography demonstrates that a mixture of interconnected ER tubules and fenestrated cisternae covers 20-45% of the cytoplasmic surface of the PM [4, 13] (Figures 1, 3, and 4) . Contact between this PMassociated ER and the PM is maintained at a mean spacing of 33 nm, which is close enough to exclude ribosomes from the face of the ER membrane that contacts the PM [4] ( Figure 3 ). ER-PM contacts are important for the regulation of phosphatidyl inositol metabolism and might be sites of direct, non-vesicular sterol transfer [49, 50] . In mammalian cells, the ER-PM domain is also important in Ca 2+ regulation. A complex between the ER protein STIM1 (which is also involved in TAC ER dynamics, see above) and the PM protein Orai1 is the mechanism behind SOCE for the ER. When ER Ca 2+ stores are depleted, STIM1 forms higher ordered structures that then target to the PM [51] . This Ca to form ribosome-excluded cisternal contacts with the PM [52] . At the PM, STIM1 interacts with Orai1 to form a CRAC channel that allows Ca 2+ influx into the ER [53] . Despite the involvement of STIM1 in both TAC dynamics and SOCE, a direct link between these two processes has not been uncovered. It is intriguing to think that movement of STIM1 via TAC allows its translocation to the PM and complex formation with Orai1; however, inhibition of TAC did not appear to affect SOCE under non-physiological conditions [23] . Thus, although a link between TAC and SOCE may exist, it has not been formally proven.
The proteins that tether the ER to the PM are not known but would be expected to be quite abundant, at least in yeast, to attach so much ER to the PM. The contact between the ER and PM is regulated by the reticulon/ Yop1 proteins; in the absence of these proteins in yeast, the peripheral ER adopts a flat cisternal shape that dramatically increases ER association with the PM [4] . However, it is likely that this effect is indirectly caused by a loss of ER membrane curvature.
So far, we have discussed how the ER develops and maintains its extremely complicated morphology, which includes distinct domains and multiple shapes. This morphology is highly dependent on ER dynamics along the cytoskeleton. Additionally, the ER contacts almost every other organelle in the cell, performs a variety of functions at these contacts, and even appears to share coordinated movements with these organelles. Therefore, a likely possibility is that the ER must be dynamic to establish and maintain these functional contacts as organelles move around the cell.
A potential role for ER dynamics in cell shape change The ER might also be dynamic for the same reasons that MTs grow and shrink; such dynamic instability of MTs allows cells to rapidly explore 3D space during cell migration, differentiation, and polarization [54] . In much the same way, ER dynamics might allow the ER to adapt to changes in cell morphology during such processes. ER distribution is likely to be important for cells with complex morphologies; for example, in neurons, the ER must be distributed down the length of narrow axons and dendrites, a process that appears to be coordinated with their development [55] (Figure 4) . ER positioning and dynamics might also be important for cell migration [56] . The ER membrane's ability to undergo constant tubule growth and reshaping could allow it continuously to probe the cytoplasm during periods of regulated PM extension so that the ER is present in the new cell boundary. The kinesin-1 binding protein kinectin is implicated in extending the ER into growing cellular lamellae [57] ; however, it remains to be determined whether kinectin depletion alters the rate of ER dynamics during migration.
The 3D structure of the ER also changes dramatically in animal cells as they progress through mitosis. In prophase, the NE breaks down and NE protein components are dispersed into the surrounding ER membrane [58, 59] . The ER maintains its continuity throughout this process, in contrast to other large organelles, such as the Golgi and mitochondria, which fragment [15, 16, 60, 61] . There has been debate over the shape and arrangement of the ER in mitosis; however, recent work shows quite convincingly that the ER network becomes almost entirely cisternal through mitosis, with very few remaining tubules [62] (Figure 4) . The intracellular localization of the ER also changes; it moves away from the mitotic spindle and chromosomes, towards the PM. It is not surprising that the ER should be moved to the cell periphery to avoid interfering with chromosome segregation, but how this change in mitotic ER shape and location is regulated is unknown. These shape changes could be due to cytoskeleton-directed movements and/or the inactivation of membrane shaping proteins.
Concluding remarks
Recent improvements in our ability to visualize the 3D structure of the ER in live cells, and at a higher resolution with EM, have revealed ER domains and functions that we did not know existed even a few years ago. Although we have come a long way in our understanding of factors that influence ER shape and function, it is clear that ER responsibilities extend well beyond traditionally-studied functions. The ER is extraordinarily dynamic, but we still have almost no information about the specific functions of these movements. Additionally, we now know that the ER forms stable contacts with the PM and nearly every other membrane-bound organelle in the cytoplasm. The tethering proteins that regulate contacts between the ER and PM, Golgi, vacuoles, endosomes, peroxisomes, and lipid droplets are unknown and only a few linkers have been identified for mitochondria. As a result, we have only begun to unravel the functions of ER-organelle contacts because they are currently difficult to perturb. Future work addressing these questions will greatly improve our understanding of ER functions in the cell.
